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I.

INTRODUCTION

The purpose of this study is to ascertain the
petrogensis of the Hell Canyon pluton through the
use of standard petrographic techniques and three
dimensional mineralogical variability trends.

It

is intended that this study will provide additional
information to the ongoing investigations of the
Boulder batholith sequence, of which this intrusion
is a part.
The Boulder batholith is located in the South
eastern part of the Northern Rocky Mountains physio
graphic province in southwestern Montana.

This pro

vince is typified by numerous rugged mountain ranges
of which there are two distinct types.

The Idaho

type(Rocky Mountain Association of Geologists, 1972)
mountains, erosional mountains carved in the Idaho
batholith, show little individuality due to the
uniform nature of the underlying material from which
t hey are carved.

In contrast to the Idaho-type

mountains is the so called Montana-type, found in all
parts of the Northern Rocky Mountains physiographic
province excluding the Idaho batholith.

Montana

type(Rocky Mountain Association of Geologists, 1972)
1
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mountains are linear, northwest trending ranges,
separated by broad basins.

They are primarily

structural mountains similar to those of the Basin
and Range province.
The Boulder batholith is located in an area of
Montana-type mountain ranges in southwestern Montana.
The batholith itself does not comprise a rugged
mountainous terrain, but is instead a broad domal
region which has been eroded rather uniformly.

Batho

lithic rocks(Fig e 1) are exposed over an area of
approximately 2200 square miles and intrude Pre-Belt
series Precambian through late Cretaeous age rocks
(Klepper, Weeks, and Ruppel, 1957) g

They are in

turn intruded and overlain by the Eocene Lowland
Creek volcanics(Smedes and Thomas, 1965) Q
Lithologically the rocks of the batholith range
from syenogabbro to alaskite, as described by Knopf
(1957), Smedes et al.(1962), Becraft, Pinckney, and
Rosenblum(l963), Ruppel(l963), Tilling(l964), and
Smedes(l966).

Approximately 90 per cent of the ex

posed batholith is composed of either quartz-monzo
nite or granodiorite, with 30-50 per cent plagioclase,
15-30 per cent k-feldspar, 20-30 per cent quartz and
10-15 per cent biotite and hornblende(Tilling, Klepper,
and Obradovich, 1968) e
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The chronological sequence of intrusions com
prising the Boulder batholith is a good example of
a classical igneous intrusive sequence.

Small mafic

masses, located in the northern areas of the bath
olith, are consistently the oldest, ranging from
78 to 73 m.y.

Subsequent intrusions are the melono

cratic granodiorites of the Radar Creek(Tilling,
1964) and the Burton Park plutons(Smedes, 1967),
both located near the southern end of the batholith
and are dated 77 to 74 m.y.

The Unionville grano

diorite, at the northern end of the batholith(Knopf,
1963), appears to be of the same general intrusive
episode.

These darker granodiorites have radiometric

ages ranging from 77 to 72 m.y.(Tilling, Klepper,
Obradovich, 1968).

The Butte quartz-monzonite, with

ages from 76 to 70 m.y., cross cuts all previous
intrusions and is the largest coextensive unit in
the batholith.
Waning stages of plutonic activity are marked
by the intrusion of the leucocratic granodiorites
and quartz-monzonites comprising the Donald, Moose
Creek, Climax Gulch, Homestake, and Hell Canyon
plutons, all located toward the southern end of the
batholith(Knopf, 1963) 0
from 74 to 68 m e y.

These plutons range in age

The Hell Canyon pluton is not in
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contact with any of the other batholithic rocks but
its position in the intrusive sequence is inferred
on the basis of radiometric age dates, lithologic
similarity to other post Butte quartz-monzonite units
and proximity to the batholith in general(Tilling,
Klepper, Obradovich, 1968).
Selection of the Hell Canyon pluton for this
study was based on several factors.

First, the pluton

was described by Robert Tilling of the United States
Geological Survey(personal communication, 1970) as
being a very homogeneous and moderately well exposed.
Homogenetity within the pluton is such that little
or no mineralogical variability may be detected in
hand sample.

Such overall homogenetity of the pluton

is amazing and was a significant factor in initiating
this study.

It was hoped that megascopically unrecog

nizable systematic variability in mineralogy could
be ascertained and used in making petrogenetic in
ferences about the pluton.

Second, the relief(nearly

5000') in the area is significant(Fig. 2) and is of
prime importance because it allows the determination
of dependence of measured variates on their vertical
position in the pluton e

Peikert(l963) has shown that

petrologic interpretations based only on variability
expressed in terms of map coordinates may be misleading.

6
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Because of its relief and the sampling technique
employed, the Hell Canyon pluton has the advantage
of permitting petrogenetic interpretations to be
based on three dimensional mineralogical variability
gradients.

8

Geologic Setting
Location
The Hell Canyon pluton is located in Madison
County, approximately 30 miles southeast of Butte,
Montana(Fig. 1).

It lies almost entirely in the

Twin Bridges 15' quadrangle 1960 edition.

The pluton

is one of the southernmost intrusives of the Boulder
batholith sequence and lies southeast of the main
body of the batholith.

Although the pluton is not

in contact with other batholithic rocks, its relation
to the batholith is inferred as discussed above.
Description
Hell Canyon pluton is a porphyritic quartz
monzonite with an areal exposure in excess of 22
square miles.

It is roughly tear-drop shaped in

plan view, extending from Table Mountain on the
northwest nearly 10 miles southeastward to near the
Jefferson River.
miles.

Maximum width is approximately 4

The pluton is situated in moderately rugged

country and is bounded on the northeast and southwest
by northwesterly trending ridges of Precambrian rocks o
Table Mountain, which also consists of Precambrian
rocks, bounds it on the northwest(Fig. 3).

9
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Although the pluton is largely covered.by trees
and grass, adequate exposures are found along the
relatively deep V-shaped valleys cut by Hell Canyon
Creek and its tributaries,

Outcrops scattered through

out the area make it possible to achieve a reasonable
sampling distribution.

Most outcrops in the area are

generally very rounded due to spheroidal weathering,
making it difficult to obtain completely fresh samples.
Accessibility
The Hell Canyon pluton is accessible by gravel
road and logging trai
. ls.

A few pack trails also

provide additional limited access to the more remote
areas.
Previous Work
Previous work on the Boulder batholith was carried
out by Knopf(l957), Smedes et al.(1962), Becraft,
Pinckney, and Rosenblum{l963), Ruppel{l963), Tilling
(1964), Smedes(l966), Tilling, Klepper, and Obradovich
(1968).
There are no formal publications known of to date
on the Hell canyon Pluton, but preliminary mapping of
the pluton was done by Tilling in 19680

He also dated

the biotite of the pluton by the K-Ar method at 70 m.y.

II.

ANALYTICAL PROCEDURES
Field Procedures

Field work for this study was conducted by the
writer and his advisor(Geoffery Mathews) during the
The Twin Bridges 15' quad

summers of 1970 and 1972.

rangle, aerial photos, and a geologic map of the
pluton served as a basis for field work.

Sampling

sites were located on aerial photos and the 15' quand
rangle.
Detailed mapping of the area was not undertaken
because it had been previously mapped by Tilling(l968).
However, spot checks were done to verify the distri
bution of rock types.

The geologic map(Fig. 3) is,

therefore, largely after Tilling with minor altera
tions.

Alluvial deposits have been omitted.

Due to the type of outcrop available(page 10)
and the relative inaccessibility of some outcrops,
it was necessary to keep sampling sites to a minimun.
Therefore, 35 sampling sites(Fig. 4) were located,
of these, 32 were utilized.

Three sampling sites

were not used in the statistical study, but were
used only for the study of reaction surfaces.
11
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sample was taken from each of these sites with the
exception of sites 2, 16, 19, 22, 24, 30.

At each of

these sites four samples were taken, each from the
corners of a square six feet on a side.

In some·

instances, this within-sampling site procedure could
not be followed.

In such cases care was taken so

that no samples were within 6 feet of one another.
All sites were set up to be approximately 3/4 to l
mile from each other.

At times this sampling pattern

could not be adherred to because of the limited number
of outcrops in certain areas and also the need for
samples at various elevations throughout the pluton.
The samples coll cted were large enough to provide
at least three thin sections and a representative
hand sample.
Laboratory Procedures and Analysis
Laboratory procedures include the preparation
of slides and modal analysis.
The petrographic thin sections were stained
with sodium cobaltinitrate and rhodizonic acid
dipotassium salt to facilitate point counting and to
insure correct identification of potassium feldspar
and oligoclase.

Staining procedures used were a slight

modification of those outlined by Henrich(l956) and

14
Bailey and Stevens(l960).
Estimation of the volume per cent of minerals
was facilitated by point counting with a Swift Auto
matic point counter.

It was found that optimum results

were attained when three thin sections were taken
per sample(Chayes, 1956).

Approximately 1000 points

were counted on each section.

Modal analysis on each

of the three slides were averaged, giving an average
Point counting error was
P(l00-P)
then calculated using the formula E=2
N
after

number for the sample.
Galehouse(l971).

Table l summarizes both the range

and average error for each variate.
TABLE l

Range and average point counting error in
per cent for the amount present of each
variate o

VARIATE

RANGE

AVERAGE

Quartz(X1)

1.2-2 .. 5

1.7

l o l-2.5

1.6

Oligoclase(x3 )

1.3-2.9

1.9

0.6-1.5

1.0

K-feldspar(X2)

Color Index(X4)

Modal analysis results for each of the samples
are listed in table 2.

The results for each of the

four variates, quartz, K-feldspar, oligoclase, color
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index(biotite, hornblende, magnetite) are listed as
volume per cent of total volume.
TABLE 2

Modal analysis results of quartz(X1), Kfeldspar(X2), oligoclase(X�), color index
(X ), Feldspar Ratio(X5), in per cent
voiume.

SAMPLE No.

Xl

X2

X3

X4

X5

0001

24.00

24.70

46.30

5.00

0.53

0002

28.20

20.20

45.40

5.90

0.45

0003

19.60

29.60

44.00

1 1.01

0.67

0004

34.40

17.55

37.04

6.80

0.47

0005

28.60

17.20

44.40

9.20

0.39

0006

23a50

18.60

49 .. 60

8.20

0.38

0007

27.80

21.30

41.90

8.50

0.51

0008

19.30

25.90

48.10

6.50

0.54

0009

30.30

22.10

41.20

5.60

0.54

0010

23.10

25.60

44.80

6.50

0.57

0011

30.00

15 .. 30

44.30

10.10

0.35

0012

29.00

29.00

34.90

7.00

0.33

0013

30.20

19 ., 50

43.30

7.10

0.45

0014

19.70

25.40

48.30

6.20

o.53

0015

21.30

20.60

45.20

9.20

0.46

0016

25.30

24.80

44.70

5 ., 00

0 ., 56

0017

26.90

19.90

45�40

7o30

0.44
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SAMPLE No.

Xl

x
2

X3

X4

X5

0018

25.50

26.00

42.70

5.50

0.61

0019

22.30

24.00

46.00

7.30

o.52

0020

24.90

24.40

45.20

5.20

0.54

0021

22.60

26.00

44.40

6.90

0.59

0022

24.90

23.50

47.60

3.90

0.49

0023

27.20

27.60

39.20

5.10

0.60

0024

26.20

22.40

45.80

8.40

0.49

0025

32.30

14.60

45.80

3.90

0.32

0026

25.40

15.80

53.50

5.00

0.29

0027

23.90

22.10

45.40

8.00

0.49

0028

22.10

24.90

44.70

8.00

0.56

0029

24.20

19.20

50.80

5.80

0.38

0030

23.00

29.00

37.7 0

10.00

0.51

0031

24.70

18.60

48.20

8.10

0.39

0032

30.20

19.70

40.90

8.80

0.48

III.

PETROORAPHY

The Hell Canyon quartz-monzonite is moderately
weathered across the pluton.

It is generally brown

to tan on weathered surface and intermediate gray
on fresh surfaces.
The quartz-monzonite is highly porphyritic across
the pluton.

The phenocrysts consist of K-feldspar

and are generally square in cross section with sides
of approximately 2 cm and a length of 6 cm.

These

phenocrysts are unique because they poikilitically
enclose all the minerals of the groundmass with the
exception of groundmass K-feldspar.
The groundmass has a uniformly hypidiomorphic
granular texture throughout the pluton.

The minerals

of the groundmass follow the standard pattern of
crystallization as outlined by Bowen(l928).

Micro

scopic paragenesis indicates order of crystallization
to be accessary minerals(sphene, apatite, magnetite,
zircon), pyroxene, hornblende, biotite, K-feldspar,
oligoclase, quartz.
It is evident that there were two distinct
textural generations of minerals that crystalized
to form quartz-monzonite.

First is the K-feldspar

phenocrysts and their inclusion(minor amounts of
17

(

18
groundmass minerals).
groundmass minerals.

Second to crystalize were the
A discussion of the crystal

lization of the two generations will be taken up in
chapter

v.

A description of the 1st and 2nd genera

tions of minerals is as follows:
Accessary minerals
Sphene, apatite, zircon and magnetite are all
found in the phenocrysts(lst generation) and ground
mass(2nd generation) in trace amounts.

They are gene

rally euhedral and aligned in the zoning directions
of the K-feldspar phenocrysts.
1st Generation
Pyroxene is found in trace amounts in both the
phenocrysts and the groundmass.

It is pale green

to pale red in thin section and is slightly pleochroic.
It generally occurrs in subhedral crystals.
Hornblende is abundant(approximately 20%) in the
phenocrysts and the groundmass.
highly pleochroic.

It is green and

These crystals are subhedral and

commonly twinned.
Only a trace of biotite is found in the pheno
crysts.

They are light brown to tan in color and

highly pleochroic.
K-feldspar phenocrysts are very large(see above)

19

and enclose all of the previously described minerals.
They are euhedral and perthitic as well as being
highly zoned.

The included minerals are roughly

parallel to the zoning of the phenocrysts.
2nd Generation
K-feldspar is a major mineral(approximately
25%) in the groundmass.

It is generally subhedral

with a cross section of 2-4 mm.

It is usually gray

to clear in color.
Biotite comprises approximately 7% of the ground
mass.

It occurs as large euhedral plates which are

3-4 mm in cross section and 3-4 in thickness.
It is light brown to tan in thin section and highly
pleochroic.
Oligoclase is found in only minor amounts in
the K-feldspar phenocrysts.

These very small crystals

have aligned themselves with the zoning and are in
the outer portions of the phenocrysts.

It is assumed

that they are included in the phenocrysts as the
phenocrysts grow larger in the second generation.
Oligoclase is one of the major minerals(approximately
40%) in the groundmass.

It is euhedral to subhedral

and is highly twinned and zoned.

Crystals range from

2-5 mm in length and 2-3 mm in width.
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Quartz is also found in the phenocrysts in minor
amounts.

The crystals are very small(less than 1 mm)

and are aligned with the zoning in the outer porti ons
of the large K-feldspar crystals.

It is also assumed

that they were included in the phenocrysts as the
phenocrysts grew larger in the second generation.
Quartz is a major mineral(approximately 20%) in the
groundmass.
of 2-4 mm.

It is anhedral and has a cross section

IV.

STATISTICAL ANALYSIS

Variability of a measured variate may exist at
apy scale of observation.

Consequently, in this

study the writer has sampled and observed the pluton
to find what significant variability, ·if any, exists
on the regional level(extent of pluton).

Therefore,

the Hell Canyon pluton was sampled on two levels,
the between-sampling site level and the within
sampling site level.

Four specimens were collected

at each of six sample localities for the within
sampling site level(Fig. 4).

Variability at this

level is used as the error term against which the
between-sampling site level was tested for significance.
With this sampling method it is assumed that within
specimen variability is negligible.

Indeed the aver

aging of the three modal analysis per specimen has
the effect of diminishing the within-specimen vari
ability.
Analysis of Variance
Analysis of variance is a powerful statistical
technique which allows the determination of the level
of significant variability, based on sampling design.
21
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Treatment of techniques used and assumptions made
in analysis of variance can be found in Winer(l962),
Davies(l963), and Dixon and Massey(l969).
This method was used as a preliminary check on
the variability of the pluton on a reg_ional level.
The model equation used in this investigation is:

x.lJ=u�·1+E
. . r.. ( A )

ij

where Xij = a measured variate and
u = the population mean of variate Xij.
Analysis of variance partitions the total variance
of Xij into componentparts associated with A, the
between-site sampling effect and E(A) within-site
sampling effect, used as the error term against which
A was tested.

If the F-ratio(Fcalc) formed by
F

MSA
calc= MS E

(A)

is greater than the tabulated value at a specific
probability level with the appropriate degrees of
freedom, it can be concluded that the variability
between outcrops is significantly different than the
within-sampling site variability.

Conversely, if

is less than the tabulated F value, the variabi
c
lity between sampling sites is not significantly

F ca 1

different from the within-sampling site variability.
The above method was used on the five variates
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(quartz, K-feldspar, oligoclase, color index and
feldspar ratio) in this study as a preliminary check
of variability of the pluton.

Table 3 summarizes

the results of these tests.
TABLE 3

Analysis of variance summary of variates

Hell Canyon quartz-monzonite
Source

Sum of
squares

Degrees of
freedom

Mean
square

F

26.75
18.49

1.45

Quartz
between
within
total

80.24
221,,84
302.08

3
12
15

�-

K-feldspar
between
within
total

32.07
256.84
288.91

3
12
15

10069
21.40

0.50

4.44
5.20

0.85

24.14
1.95

12.38

0.78
0.92

0.84

Oligoclase
between
within
total

13.31
62.39
75.72

3
12
15
Color index

between
within
total

72.41
23.41
95.78

3
12
15
Feldspar ratio

between
within
total

2.36
11.05
13.41

3
12
15

24

Table 3 continued:
Critical values of F with 3 and 12 degrees of freedom:
atc<:=0.01 = 5.95
oc =O. 05 = 3 • 49
As can be seen in table 3, all selected variates
show no significant between-sampling site variability
at the OC=0.01 or 0.05 level of significance with the
exception of color index.

It must be concluded,

based on this preliminary study, that the Hell Canyon
pluton is very homogeneous on the regional level.
Trend Surface Analysis
Least squares surface fitting techniques, orig
inally used in trend surface analysis of orthogonally
distributed data by Oldham and Sutherland(l955) and
extended by Krumbiem(l959) to nonorthogonally dis
tributed data, are finding increasing use in igneous
petrologic studies.

Trend surfaces expressed in terms

of two map coordinates may provide ambiguous results
as shown by Peikert(l962).

In order to achieve reliable

results in his petrologic studies Peikert(l963, 1965)
expanded the existing nonorthogonal procedure to
include the third geographic dimension in areal
variability studies, the distance above or below a
datum.
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The importance of three dimensional areal variab
ility studies in petrologic investigations is brought
out by Dawson and Whitten(l962) in their studies on
the Lacorne massif, also by Peikert(l962) in his
investigation of the Glen Alpine stock, and by Mathews
(1970) in his study of the Audubon Albion stock.
Trend surfaces fitted to geographically distri
buted data may be of any degree, dependent upon the
number of sampling sites.

Surfaces computed for the

Hell Canyon pluton include first degree(linear),
second degree(linear+quadratic), third degree(linear+
quadratic+cubic) Q
Sampling sites are located by three mutually
perpendicular coordinates UVW, with U and V being
map coordinates and W the vertical coordinate measured
relative to a datum.

Dependent variable Xis measured

at each UVW location.
Data gathered as a function of three geographical
coordinates produce a four dimensional scatter diagram
UVWX.

Least squares procedures are then used to pro

duce a surface which separates regional systematic
variability from local, nonsystematic(random) variabi
lity.

A quadratic surface(Mathew, 1970) fitted to such

data has the form:
2

X=a+bU+cV+dW+eu +fUV+gUW+hv2 +iVW+jw2 •
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The resulting trend surface is a hypersurface(a four
dimensional surface in three dimensional space) and
cannot be easily represented on a two dimensional
map.
However, surfaces representing equal values of
Xi are three dimensional and the trace of their inter
section with a two dimensional plane(map surface)

may be drawn(Peikert, 1965).

Thus the intersection

of the nested equal value surfaces and the topographic
surface may thus be shown(Fig. 5).
Construction of the map view of the hypersurface
is a laborious process.
sections are constructedo

A series of VW and UW cross
The traces of the inter

section of the surfaces of equal values of Xi are
lines(isopleths) on such sections.

Points where

isopleths intersect the topographic profile are
transferred to a UV(map) projection.

By contouring

these projected points, a close approximation of the
intersection of planes of equal value of Xi with

topography results.

The computer program(Peikert,

1963) used in this study provides for seven UW, VW,
UV cross sections for each degree surface computed,
up to and including degree three.
The "best fit" of a polynominal surface of a
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given degree is shown by Mandelbaum(l963).

He states

that the polynominal that best separates the regional
variation from the local variation is that for which
88
Xaev/(N-P) is a minimum, where N is the number of
observations and P is the number of polynominal terms
included in the regional trend.

The term(N-P) re

presents the degrees of freedom associated with Xdev

(Peikert, 1965 and Mathews, 1970).

First, second,

and third degree trend surfaces were computed for
five variates in the Hell Canyon pluton.

The surfaces

of "best fit" for each of the variates are shown in
table 4.
Maps of isopleths, the intersection of the nested
equal value planes with topography are shown in figures
6, 7, 8, 9, and 10.
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TABLE 4

Trend surfaces of "best fit" computed for
the Hell Canyon pluton

Degree 1
Quartz(x1)
K-feldspar(x2)

Oligoclase(X3)

Color index(X )
4
Feldspar ratio(X5)

Degree 2

Degree 3

X
X
X
X
X

s

N

_

Fig. 5

- 30j

I

UW(N-S) cross section through the degree three UVW hypersurface
fitted to K-feldspar data of the quartz-monzonite.

Iv
\.0
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All the trend surfaces with the exception of
Oligoclase are within a few degrees of being hori
zontal.

Oligoclase has a relatively high dip to the

northeast.

Relative surface dips and values are

shown in figures 11 and 12.

These trend surfaces

indicate an increase in the K-feldspar and quartz
percentage with altitude, whereas modal oligoclase
decreases with altitude.

There is little or no

relationship between altitude and surface values for
color-index or feldspar ratio.
Trend surfaces computed show very small dif
ferences in value which indicate that the pluton
is very homogeneous at the regional level.

The

exceptionally uniform distribution of minerals through
out the pluton indicates that either the parent magma
of the rock was exceedingly homogeneous or the magma
was highly differentiated and completely mixed.
The uniformity of trend surfaces may also be
interpreted as indicating that the rock crystallized
in a relatively closed system.

As seen in figures

11 and 12 oligoclase decreases with altitude, where
as quartz and K-feldspar increase.

Such distributions

may indicate that quartz and K-feldspar increase at
the expense of oligoclase.

In some areas of the

pluton modal percentages of biotite and magnetite
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increase with altitude, possible due to late stage
Further inspection of the
P02•
distribution of modal biotite and hornblende indicates

Fe enrichment and or

that hornblende comprises higher percentages of the
volume of the rock across the pluton except for two
areas in which biotite percentage is higher.

This,

coupled with slight enrichment of K-feldspar in the
same two areas. suggests that these areas mark final
stages of magmatic crystalization.
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D____
� mile
Fig. 6:

Degree one UVW trend surface for quartz (X1)
of the Hell Canyon quartz-monzonite.
Probability of surfaces representing real
variability =.44 .
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0

Fig. 7:

l mile

Degree three UVW trend surface for K-feldspar
(x2) of the Hell canyon quartz-monzonite.
Probability of surfaces representing real
variability =.42 c

34

1

N

0

Fig. 8:

1 mile

Degree one UVW trend surface for oligoclase
(X3) of the Hell Canyon quartz-monzonite.
Probability of surfaces representing real
variability =.38 •

/
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0

Fig. 9:

1 mile

Degree three UVW trend surface for color
index (x4) of the Hell canyon quartz
monzonite. Probability of surfaces repre
senting real variability=.65 •
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�P____,�
Fig. 10:

mile

Degree three UVW trend surface for feldspar
ratio (x5) of the Hell canyon quartz-monzonite.
Probability of surfaces representing real
variability =a48 .
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Quartz

------26

Quartz

0
Fig. 11:

l mile

N-S section of pluton showing relative
dips of generated surfaces.

E

W

1
Q___1_1 mile
Fig. 12:

E-W section of pluton showing relative
dips of generated surfaces.

V.

PETROGENESIS OF HELL CANYON QUARTZ-MONZONITE
Origin of Material
According to Eskola(l933), "granitic magmas have

come into existence mainly by two different processes:
(1) differentiation and squeezing out of residual
liquid••• and (2) by differential(partial) refusion
or anatexis."

Previous

workers have suggested that

the Boulder batholith originated from a differentiated
magma of intermediate composition.

Indeed, the bath

olith as a whole exhibits the classic differentiation
pattern and Hell Canyon pluton is most probably a
late stage product of this process.
Until 1972 there existed nowhere in the literature
a theory for the ultimate source for the magma.

Ham

ilton and Meyers(l967) suggest that the magma came
from near the crust-mantle boundry because of the
.Rb isotope ratio of the magma, but again an explan
ation for the existence of the magma is lacking.
A new theory for the existence of volcanic and pluto
nic material of the Great Basin and surrounding areas
was introduced by Atwater(l970).

This theory suggests

that the subducted Faralon Plate of the Pacific Ocean
has been overridden by North America.
38

Subsequent
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volcanism and plutonism occurred because of the ul
timate melting of the plate.

This theory has been

used by Mathews, Cain, and Banks(in press) to explain
the generation of the Laramide intrusions in the
Colorado Front Range.

It is the contention of the

writer that Atwater's theory may have merit and indeed
may best explain the ultimate source for the magma.
Emplacement
It is assumed that the Hell Canyon pluton was
emplaced at a shallow depth, probably from one to
three miles below the surface.

The estimated depth

is supported by general opinion concerning emplace
ment of similar granitic bodies(Buddington, 1959,
and Turner and Verhoogen, 1960).

Also the Boulder

batholith volcanic-plutonic series of Montana, of which
the Hell Canyon pluton is a part, consists of plutons
generally interpreted as being intruded at shallow
depths(Knopf, 1957).
The contact zone between quartz-monzonite and
country-rock is very narrow(less than a foot across).
Many xenoliths of country rock are found near the
contact.

Some xenoliths are also found in the body

of the plutonc

None of the xenoliths examined have

reaction rims, indicating little or no assimillation
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and also suggesting that the magma was intruded at
a relatively low temperature and was relatively dry.
The presence of the xenoliths suggests piecemeal
stoping was the mechanism of intrusion.
Crystallization
Crystallization of the Hell Canyon pluton was
complex because of the large phenocrysts and the two
textural generations of minerals involved.

Robert

son(l962) describes how large euhedral K-feldspar
crystals may be formed in the quartz-monzonite of the
Boulder batholith.

He suggests deuteric stage replace

ment of early formed minerals by K-feldspar.

However,

in the Hell Canyon quartz-monzonite, there are no
areas deficient in K-feldspar surrounding these phen
ocrysts as would be expected with Robertson's theory.
On the contrary, the K-feldspar is uniformly distributed
throughout the pluton.

A more suitable theory for

the existence of the large perthitic phenocrysts and
the crystallization of the magma is given below.
Consider a liquid whose composition is represented
by A, on a Qtz Ab. Orth. diagram containing very small
amounts of H o(Fig. 13). The first crystals to separate
2
will be potassium rich feldspar. As crystallization
proceeds, the liquid changes composition along line
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Quartz

Albite
Fig. 13:

Orthoclase
Crystallization path of melt after James
and Hamilton(l969).
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AB.

This process proceeds very slowly and is the

probable cause for the large size of the K-feldspar
phenocrysts.

When point B is reached the cotectic

has been attained and all three minerals separate
together.

The minerals continue to separate together

and stay in the minimum along line BC.

The path of

the cotectic minimum is driven toward the albite-quartz
side with crystallization by increasing HO and decreasing An content.

2

Further evidence for increasing H o is the pre
2
valence of hornblende in the phenocrysts and ground
mass, whereas biotite is prevalent only in the ground
mass.

As the minerals crystalize slowly together in

the minimum they proceed to align themselves on the
existent phenocrysts with additional K-feldspar forming
around them.

With further crystallization it is assumed

that pressure buildup became too great for the over
burden to withstand and was released by escape of
water vapor, at which time crystallization is assumed
to proceed rapidly.

As this occurs a second generation

of uniform size minerals form to make up the groundmass.
This theory is adapted from Tuttle and Bowen(l958).
Winkler(l967) and James and Hamilton(l969).

Also with

the release of vapor, hydrothermal solutions(Fritzsebe,
1952) are suggested to be migrating through the country
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rock to the northeast.

These solutions carried high

concentrations of gold which was deposited in this
area.

VI.

CONCLUSIONS

The Hell Canyon pluton is thought to be one of
the last intrusive pulses of the Boulder batholith
sequence.

This relationship is inferred by age, dates,

and proximity of the pluton to the main body of the
batholith.
The pluton is assumed to be an epizonal pluton
as described by Buddington(l959) and further assumed
that the emplacement of the pluton was similar to the
emplacement of the main body of the batholith.
Hamilton and Meyers(l969) suggested that the
magma of the Boulder batholith originated near the
crust-mantle boundry.

The source of heat for the

generation of this magma is unknown, but recently
there has been speculation that a subduction zone
under the western portion of North America may have
generated the magma(Atwater, 1970).
Two textural generations of minerals exist in the
pluton.

The first to form was the perthitic K

feldspar phenocrysts and their inclusions.

The second

generation was the groundmass.
Analysis of variance and trend surface analysis
indicate no significant variability in mineralogy
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across the pluton.

This supports the suggestion that

the pluton is homogeneous on the regional scale.
Trend surfaces generated by least squares methods
may also be useful in the structural history of a
plutonic area.

If it is assumed that trend surfaces

are essentially horizontal during crystallization,
subsequent relative movements of the area may be
determined by these surfaces.

This method applied to

the Hell Canyon pluton which lies in the fault block
Highland mountains indicates that the area has tilted
approximately 15

to the northeast.

The pluton is

thought to be older than the faulting, therefore, the
relative movement of the fault block mountains may be
as previously stated.
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